or NMI) or 1 eq. of a diamine ligand (TMEDA). To this mixture was then added a 1:1 mixture of PhMe : H2O (v/v) (60 µL for 200 mg scale or 300 µL for 1000 mg scale). The jars were then sealed and the mixtures were milled with a Retsch MM400 mill for 180 minutes at a frequency of 30 Hz. The resulting crude reaction mixture was then dissolved with PhMe, filtered and re-crystallized to afford the pure Ge(IV) catecholates. c) General Procedure C: Synthesis of tetraorganogermanes from Ge(IV) bis(catecholate) complexes Note: Experiments were carried out under an atmosphere of argon or nitrogen under our optimized conditions. Efforts to reduce the number of equivalents of BuMgBr for 20 to 16 under otherwise identical conditions reduced the yield of GeBu4 to 38%.
A 100 mL round bottom flask, equipped with a Teflon coated magnetic stirring bar and a reflux condenser was charged with the Ge(IV) catecholate (0.372 mmol, 1 eq.) and a solvent corresponding to the solvent of the Grignard reagent (6.25 mL). To this suspension was added the Grignard Reagent (8 mmol, 20 eq.). The resulting mixture was then warmed to 65 o C, and kept at this temperature for 24 h. After cooling to room temperature, hexanes (15 mL) were added to the crude reaction mixture followed by H2O (5 mL), and the reaction mixture was vigorously stirred for 5 minutes. The layers were then separated, and the organic layer was washed with H2O (5 mL), separated and concentrated using a rotary evaporator. Purification of the resulting crude reaction mixture was then carried out using preparative thin layer chromatography.
section S3. Optimization of the mechanochemical synthesis of complex 3 a) Initial Results
Initial Conditions: A 10 mL stainless steel milling jar equipped with two 6 mm diameter stainless steel balls was charged with Ge powder (1 eq.), 3,5-di-tert-butyl-o-benzoquinone (1) (2 eq.), and Py (2 eq.). To this mixture was then added a 1:1 mixture of PhMe : H2O (v/v) (60 µL), the jar was then sealed and the mixture was milled with a Retsch MM200 mill for 90 minutes at a frequency of 25 Hz. Amounts of Reagents: Ge powder (21.6 mg, 0.298 mmol, 1 eq.); 1 (131 mg, 0.596 mmol, 2 eq.); Py (48.0 µL, 47.1 mg, 0.596 mmol, 2 eq.); Liquid Additive: 30 µL H2O, 30 µL PhMe Purification: The crude milled materials were dissolved in PhMe and filtered through diatomaceous earth. The resulting filtrate was left to recrystallize at 20 o C overnight, yielding a yellow solid. This was then dried overnight at 75 o C under vacuum (100 mm Hg). Yield of Product: 112.3 mg, 0.167 mmol, 56% yield, beige solid Characterization: The resulting green/brown crude solid was initially analyzed by PXRD. The crude material was then dissolved in PhMe and filtered through diatomaceous earth. Translucent yellow plate-like crystals of Ge(3,5-dtbc)2(Py)2 -2PhMe (3) suitable for single crystal X-ray diffraction were obtained by slow evaporation of the resulting filtrate at room temperature. When comparing the simulated PXRD pattern of 3 with the experimental pattern for the crude starting material, it can be observed that the crude product contains additional crystalline phases. The positions of X-ray reflections Py (2 equiv) Chemical Formula: C 5 H 5 N Molecular Weight: 79.1020 3 Chemical Formula: Ge(C 14 H 20 O 2 ) 2 (C 5 of these additional phases are reminiscent of those simulated for the analogous Co(III) complex Co(III)(3,5-dtbc)(3,5-dtbsq)(Py)2•0.5Py (CCDC code: PUTFAM), suggesting they may correspond to a complex isostructural to the Co(III) complex, but containing Ge(IV) instead of Co(III) and PhMe rather than Py, with a tentative composition of Ge(3,5-dtbc)2(Py)2 -0.5PhMe (3a). mp = 280 o C (decomposes); 1 H NMR (600 MHz, CDCl3): 8.96 (4H, bs, H7), 7.78 (2H, bt, H6), 7.38 (4H, bt, H5), 6.79 (2H, bs, H4 / 3), 6.51 (2H, bs, H3 / 4), 1.41 (18H, s, H2 / 1), 1.19 (18H, s, H1 / 2); 13 C NMR i (150 MHz, CDCl3): 215.8 (C13 / 12), 213.6 (C12 / 13), 147.4 (C11), 140.1 (C10), 139.5 (C9 / 8), 133.2 (C8 / 9), 125.0 (C7), 112.8 (C6 / 5), 109.1 (C5 / 6), 34.9 (C4 / 3), 34.6 (C3 / 4), 32.9 (C2 / 1), 31.6 (C1 / 2); Elemental Analysis calcd for C38H50N2O4Ge: C, 67.97; H, 7.51; N, 4.17; found: C, 68.18; H, 7.74; N, 4.26 fig. S1. PXRD patterns; initial experiments. (a) Ge powder; (b) 1; (c) crude milled product of Ge powder (1 eq.), 1 (2 eq.), Py (2 eq.) LAG 1:1 PhMe: H2O, 90 mins milling, 25 Hz; (d) Simulated pattern of complex 3; (e) Simulated pattern of Co(III)(3,5-dtbc)(3,5-dtbsq)(Py)2•0.5Py (CCDC code: PUTFAM).
b) Reaction Optimization:
The mechanical milling conditions were optimized to promote full conversion of starting materials into either crystalline phases 3 or 3a. By qualitative evaluation of the PXRD patterns of crude reaction mixtures, the LAG additive composition, LAG additive volume, Py equivalents, milling time and milling frequency were optimized so that crystalline phases corresponding to starting materials were not detected, and crystalline phases corresponding to 3 or 3a were dominant. Note: The 13 C chemical shifts were extracted from the 13 C-1 H HSQC and the 13 C-1 H HMBC spectra of 3. 
Amounts of Reagents:
Ge powder (21.6 mg, 0.298 mmol, 1 eq.). 1 (131 mg, 0.596 mmol, 2 eq.), Py (48.0 µL, 47.1 mg, 0.596 mmol, 2 eq.) Characterization: The resulting green/brown crude solids were analyzed by PXRD ( fig. S2) . The optimal liquid additive composition was determined to be 1:1 PhMe : H2O (entry 5). 
Py

Amounts of Reagents:
Ge powder (21.6 mg, 0.298 mmol, 1 eq.), 1 (131 mg, 0.596 mmol, 2 eq.), Py (48.0 µL, 47.1 mg, 0.596 mmol, 2 eq.) Characterization: The resulting green/brown crude solids were analyzed by PXRD ( fig. S3 ). The optimal liquid additive volume was found to be 60 µL. *Resultant crude solid is sticky and smells strongly of Py Amounts of Reagents: Ge powder (21.6 mg, 0.298 mmol, 1 eq.), 1 (131 mg, 0.596 mmol, 2 eq.), Entry (1): Py (48.0 µL, 47.1 mg, 0.596 mmol, 2 eq.); Entry (2): Py (72.0 µL, 70.7 mg, 0.894 mmol, 3 eq.); Entry (3): Py (96.0 µL, 94.2 mg, 1.19 mmol, 4 eq.), Liquid Additive: 30 µL PhMe, 30 µL H2O Characterization: The resulting green/brown crude solids were analyzed by PXRD ( fig. S4) . The optimal Py stoichiometry was found to be 2 equivalents. product from milled reaction: Ge powder (0.298 mmol, 1 eq.), 1 (0.596 mmol, 2 eq.), 60 µL 1:1 PhMe:H2O (v/v), 25 Hz, 180 minutes: (c) Py (0.596 mmol, 2 eq.); (d) Py (0.894 mmol, 3 eq.); (e) Py (1.19 mmol, 4 eq.). 
Ge powder (21.6 mg, 0.298 mmol, 1 eq.), 1 (131 mg, 0.596 mmol, 2 eq.), Py (48.0 µL, 47.1 mg, 0.596 mmol, 2 eq.), Liquid Additive: 30 µL PhMe, 30 µL H2O Characterization: The resulting green/brown crude solids were analyzed by PXRD ( fig. S5) . The optimal milling time changes to 180 minutes for near quantitative conversion of starting materials as observed by PXRD. fig. S5 . PXRD data for the optimized synthesis of complex 3, exploring different milling reaction times.(a) Ge powder; (b) 1;
(c-f) crude product from milled reaction: Ge powder (0.298 mmol, 1 eq.), 1 (0.596 mmol, 2 eq.), Py (0.596 mmol, 2 eq.), 60 
Amounts of Reagents: 200 mg scale (Entries 1 and 2):
Ge powder (21.6 mg, 0.298 mmol, 1 eq.), 1 (131 mg, 0.596 mmol, 2 eq.), Py (48.0 µL, 47.1 mg, 0.596 mmol, 2 eq.), Liquid Additive: 30 µL PhMe, 30 µL H2O 1000 mg scale (Entries 3 and 4): Ge powder (108 mg, 1.49 mmol, 1 eq.), 1 (655 mg, 2.98 mmol, 2 eq.), Py (240.0 µL, 236 mg, 2.98 mmol, 2 eq.), Liquid Additive: 150 µL H2O, 150 µL PhMe Characterization: The resulting green/brown crude solids were analyzed by PXRD (figs. S6 and S7). The optimal milling frequency changes to 30 Hz for near quantitative conversion of starting materials as observed by PXRD, this effect is more pronounced for 1000 mg scale reactions. product from milled reaction: Ge powder (0.298 mmol, 1 eq.), 1 (0.596 mmol, 2 eq.), Py (0.596 mmol, 2 eq.), 60 µL 1:1 (c-d) crude product from milled reaction: Ge powder (1.49 mmol, 1 eq.), 1 (2.98 mmol, 2 eq.), Py (2.98 mmol, 2 eq.), 300 µL Procedure: The following reactions were carried out using General Procedure A. Amounts of Reagents 200 mg scale: Ge powder (21.6 mg, 0.297 mmol, 1 eq.), 1 (131 mg, 0.596 mmol, 2 eq.), Py (48.0 µL, 47.1 mg, 0.596 mmol, 2 eq.), Liquid Additive: 30 µL H2O, 30 µL PhMe 1000 mg scale: Ge powder (108 mg, 1.49 mmol, 1 eq.), 1 (655 mg, 2.98 mmol, 2 eq.), Py (240.0 µL, 236 mg, 2.98 mmol, 2 eq.), Liquid Additive: 150 µL H2O, 150 µL PhMe Purification: The crude reaction mixture was dissolved in DCM and filtered through diatomaceous earth. The resulting filtrate was collected and solvent removed by rotary evaporation. Recrystallization of the resulting green/brown solids from cyclohexane gave a beige product from a green mother liquor, which was dried overnight at 75 o C under vacuum (100 mm Hg). 
Optimized Conditions
Procedure: The following reaction was carried out using General Procedure A. Amounts of Reagents: Ge powder (107.2 mg, 1.48 mmol, 1 eq.), 1 (650.4 mg, 2.95 mmol, 2 eq.), NMI (235.3 µL, 242.4 mg, 2.95 mmol, 2 eq.), Liquid Additive: 150 µL H2O, 150 µL PhMe Purification: The crude reaction mixture was dissolved in DCM and filtered through diatomaceous earth. The resulting filtrate was collected and solvent removed by rotary evaporation. Recrystallization of the resulting green/brown solids from cyclohexane gave a beige product from a green mother liquor, which was dried overnight at 75 o C under vacuum (100 mm Hg). Yield of Product: Complex 4: 611.82 mg, 0.90 mmol, 61% yield, beige solid Characterization: The resulting green/brown crude materials were initially analyzed by PXRD ( fig. S8 ) with the resultant diffractograms showing quantitative consumption of starting materials and formation of novel crystalline phases. Single crystals suitable for single crystal X-ray diffraction were grown by dissolution of the crude solids in DCM, filtering through diatomaceous earth, followed by slow evaporation of the resulting filtrates at room temperature. Translucent yellow plate-like crystals of Ge(3,5-dtbc)2(NMI)2•DCM (4) Amounts of Reagents: Ge powder (115.4 mg, 1.59 mmol, 1 eq.), 1 (700. mg, 3.18 mmol, 2 eq.), TMEDA (238.3 µL, 184.7 mg, 1.59 mmol, 1 eq.), Liquid Additive: 150 µL H2O, 150 µL PhMe Purification: The crude reaction mixture was dissolved in DCM and filtered through diatomaceous earth. The resulting filtrate was collected and solvent removed by rotary evaporation. Recrystallization of the resulting green/brown solids from cyclohexane gave a beige product from a green mother liquor, which was dried overnight at 75 o C under vacuum (100 mm Hg). Yield of Product: Complex 5: 741.7 mg, 1.2 mmol, 74% yield, beige solid Characterization: The resulting green/brown crude materials were initially analyzed by PXRD ( fig. S8) with the resulting diffractograms showing quantitative consumption of starting materials and formation of novel crystalline phases. Single crystals suitable for single crystal X-ray diffraction were grown by dissolution of the crude solids in DCM, filtering through diatomaceous earth, followed by slow evaporation of the resulting filtrates at room temperature. Translucent yellow plate-like crystals of Ge(3,5-dtbc)2(TMEDA)•2DCM (5) from LAG reaction 300 µL 1:1 PhMe:H2O (v/v), 30 Hz, 180 minutes: (c) Ge powder (1.48 mmol, 1 eq.), 1 (2.95 mmol, 2 eq.), NMI (2.95 mmol, 2 eq.); (d) Ge powder (1.59 mmol, 1 eq.), 1 (3.18 mmol, 2 eq.), TMEDA (1.59 mmol, 1 eq.). Procedure: The following reactions were carried out according to General Procedure B. Amounts of Reagents 200 mg scale: GeO2 (29.6 mg, 0.283 mmol, 1 eq.), 2 (125.7 mg, 0.565 mmol, 2 eq.), Py (45.5 µL, 44.7 mg, 0.565 mmol, 2 eq.), Liquid Additive: 30 µL H2O, 30 µL PhMe 1000 mg scale: GeO2 (128.8 mg, 1.23 mmol, 1 eq.), 2 (547.5 mg, 2.46 mmol, 2 eq.), Py (198.4 µL, 194 .8 mg, 2.46 mmol, 2 eq.), Liquid Additive: 150 µL H2O, 150 µL PhMe Purification: The crude reaction mixture was dissolved in DCM and filtered through diatomaceous earth. The resulting filtrate was collected and solvent removed by rotary evaporation. Recrystallization of the resulting green/brown solids from cyclohexane gave a beige product from a green mother liquor, which was dried overnight at 75 o C under vacuum (100 mm Hg). (0.565 mmol, 2 eq.), 60 µL LAG; (d) 1000 mg scale GeO2(1.23 mmol, 1 eq.), 2 (2.46 mmol, 2 eq.), Py (2.46 mmol, 2 eq.), 300 µL LAG; (e) Simulated pattern of Co(III)(3,5-dtbc)(3,5-dtbsq)(Py)2•0.5Py (CCDC code: PUTFAM). 
Yield of Product
b) Separation of GeO2 from ZnO
Procedure: The following reactions were carried out according to General Procedure B, using either a 1:1 or a 5:1 molar ratio of ZnO to GeO2. Complex 3 obtained from this separation was analyzed by 1 H NMR, and revealed identical spectroscopic signals as samples of complex 3 prepared directly from GeO2 or Ge. Amounts of Reagents 1:1 ZnO : GeO2: GeO2 (26.5 mg, 0.253 mmol, 1 eq.), ZnO (20.6 mg, 0.253 mmol, 1 eq.), 2 (112.7 mg, 0.507 mmol, 2 eq.), Py (40.8 µL, 40.1 mg, 0.507 mmol, 2 eq.), Liquid Additive: 30 µL H2O, 30 µL PhMe Purification: The crude reaction mixture was dissolved in DCM and filtered through diatomaceous earth. The resulting filtrate was collected and solvent removed by rotary evaporation. Recrystallization of the resulting green/brown solids from cyclohexane gave a beige product from a green mother liquor, which was dried overnight at 75 o C under vacuum (100 mm Hg). Yield of 3: 109.8 mg, 0.163 mmol, 64% yield, beige solid 5:1 ZnO : GeO2: GeO2 (18.8 mg, 0.179 mmol, 1 eq.), ZnO (73.0 mg, 0.897 mmol, 5 eq.), 2 (79.8 mg, 0.359 mmol, 2 eq.), Py (28.9 µL, 28.4 mg, 0.359 mmol, 2 eq.), Liquid Additive: 30 µL H2O, 30 µL PhMe Purification: The crude reaction mixture was dissolved in DCM and filtered through diatomaceous earth. The resulting filtrate was collected and solvent removed by rotary evaporation. Recrystallization of the resulting green/brown solids from cyclohexane gave a beige product from a green mother liquor, which was dried overnight at 75 o C under vacuum (100 mm Hg). Yield of 3: 79.7 mg, 0.119 mmol, 66% yield, beige solid Characterization: The resulting green/brown crude materials were initially analyzed by PXRD ( fig. S10) , with the resulting diffractograms showing complete consumption of GeO2 and 2, the formation of crystalline phase 3a and remaining ZnO. eq.), 2 (0.565 mmol, 2 eq.), Py (0.565 mmol, 2 eq.); (e) ZnO (0.292 mmol, 1 eq.), 2 (0.585 mmol, 2 eq.), Py (0.585 mmol, 2 eq.); (f) GeO2(0.254 mmol, 1 eq.), ZnO (0.254 mmol, 1 eq.), 2 (0.507 mmol, 2 eq.), Py (0.507 mmol, 2 eq.); (g) GeO2 (0.179 mmol, 1 eq.), ZnO (0.897 mmol, 5 eq.), 2 (0.359 mmol, 2 eq.), Py (0.359 mmol, 2 eq.); (h) Simulated pattern of Purification: The crude reaction mixture was purified using preparative thin layer chromatography on a 2 mm  20 cm  20 cm silica gel plate using hexanes as eluent. In general, there are two bands evident. The solid phase containing each band was removed from the plate and extracted with chloroform (40 mL) over night before decanting the liquid phase and washing the solid phase with CHCl3 (2 x 40 mL). The organic phases were then combined and concentrated in vacuo to afford GeBu4. 
b) GeBu4 from complex 4
Procedure: The reaction was carried out according to General Procedure C. Amounts of Reagents: Complex 4 (252 mg, 0.372 mmol, 1 eq.), butylmagnesium chloride (2.0 M THF) (7.5 mmol, 20 eq.) Purification: The crude reaction mixture was purified using preparative thin layer chromatography on a 2 mm  20 cm  20 cm silica gel plate using hexanes as eluent. In general, there are two bands evident. The solid phase containing each band was removed from the plate and extracted with chloroform (40 mL) over night before decanting the liquid phase and washing the solid phase with CHCl3 (2 x 40 mL). The organic phases were then combined and concentrated in vacuo to afford GeBu4. Yield of Product: Ge((CH2)3CH3)4: 89% yield; 2: 89 % yield c) GeBu4 from complex 5 Procedure: The reaction was carried out according to General Procedure C. Amounts of Reagents: Complex 5 (234 mg, 0.372 mmol, 1 eq.), butylmagnesium chloride (2.0 M THF) (7.5 mmol, 20 eq.) Purification: The crude reaction mixture was purified using preparative thin layer chromatography on a 2 mm  20 cm  20 cm silica gel plate using hexanes as eluent. In general, there are two bands evident. The solid phase containing each band was removed from the plate and extracted with chloroform (40 mL) over night before decanting the liquid phase and washing the solid phase with CHCl3 (2 x 40 mL). The organic phases were then combined and concentrated in vacuo to afford GeBu4. Yield of Product: Ge((CH2)3CH3)4: 96% yield; 2: 99% yield d) GeHex4
Procedure: The reaction was carried out according to General Procedure C. Amounts of Reagents: Complex 3 (250 mg, 0.372 mmol, 1 eq.), hexylmagnesium chloride (2.0 M THF) (7.5 mmol, 20 eq.) Purification: The crude reaction mixture was purified using preparative thin layer chromatography on a 2 mm  20 cm  20 cm silica gel plate using hexanes as eluent. In general, there are two bands evident. The solid phase containing each band was removed from the plate and extracted with chloroform (40 mL) over night before decanting the liquid phase and washing the solid phase with CHCl3 (2 x 40 mL). The organic phases were then combined and concentrated in vacuo to afford GeHex4. 
e) GeMe4
Purification: The crude reaction mixture was analyzed by GC-MS; complexes 10 and 11 were formed in a ratio of 1.67:1. Using column chromatography with a 7.5 cm by 0.5 cm silica gel column with chloroform as the eluent, complex 11 was isolated. Yield of Product: 12 (6H, m, CH2) , 0.90 (9H, t, 3 J = 7.3 Hz, CH3); 13 C NMR (150 MHz, CDCl3): 143.73, 140.54, 133.84, 114.41, 111.91, 111.88, 34.73, 34.24, 31.66, 29.52, 26.08, 26.01, 16.24, 13.61 fig. S13. TGA of complex 3. Remaining mass is 12.4% (The theoretical remaining mass of GeO2 is 15.6% and Ge 10.8%).
fig. S14. First derivatives of the Ge K-edge XAS of complex 3 compared to Ge(HPO4)2 and GeO2 as reference materials. Close examination of the peak positions of complex 3, Ge(HPO4)2 and GeO2 in Fig. 2b reveals a noticeable difference, which is clearly seen when the spectra are plotted as their first derivative ( fig. S14 ). The peak position of complex 3 is between those of GeO2 and Ge(HPO4)2. In both reference materials, the germanium cores are surrounded by oxygen atoms. The quartz-type GeO2 has four-bonded oxygens, while the Ge in Ge(HPO4)2 has six. Thus, although the nominal oxidation states in the two complexes are both IV, as the number of oxygen atoms increase, the electron density at Ge is less, and hence, the absorption onset shifts to higher energy. Complex 3 is six-coordinated, with four neighboring oxygen atoms and two neighboring nitrogen atoms. Since nitrogen is less electronegative than oxygen, the Ge in complex 3 is less electron deficient than the one in Ge(HPO4)2 and a low-energy shift is observed. fig. S39. 13 C NMR (150 MHz, CDCl3) spectrum of complex 11 from 40 to 10 ppm. To distinguish between the two possible isomers of complex 11, 2D-NMR spectroscopic techniques were used. The 13 C-1 H HSQC spectrum of complex 11 reveals that the two signals at 111.8 and 114.4 ppm in the 13 C dimension can be assigned to the carbons of the aromatic ring that are bonded to hydrogen. The 13 C-1 H HMBC spectrum of complex 11 reveals that the signal in the 1 H dimension and assigned to the hydroxyl hydrogen correlates to three signals in the aromatic region of the 13 C dimension. Two of the signals are readily assigned to the aromatic carbon atoms directly bonded to oxygen on the basis of their chemical shift and the chemical shift of the third signal in this region is consistent with an aromatic carbon bonded to the tBu group. No correlation between the signals assigned to the hydroxyl hydrogen and the signals at 111.8 and 114.4 ppm was observed. Therefore, we conclude that the structure of complex 11 is as shown in fig. S40.   fig. S40 . Two possible isomers for complex 11. (6), C2-O2 1.362(6), C1-C2 1.402 (7); O1-Ge1-O2 88.15(17), Ge1-O1-C1 109.3(3), O1-C1-C2 116.4(5), O2-C2-C1 115.0(5), Ge1-O2-C2 110.1(3). 
